We have developed a new fluorescence method for the histochemical localization of alkaline phosphatase activity. Calcium phosphate deposited at the sites of alkaline phosphatase activity in a Gomori-type reaction are identified by calcium binding fluoroduomes. The calcium binding fluorochromes calain, calcein blue, and xylenol orange were investigated, with each fluorochrome being included in the alkaline phosphatase incubating m d u m and used in a single-step proccdurr. Alkaline phosphatase activity was studied in freeze-substituted, resin-embedded human liver and jejunal biopsies, and each fluorochrome produced intense fluorescence of diffetent colors at sites of alkaline phosphatase activity. Calcein, calcein blue, and xylenol orange pro-
Introduction
Alkaline phosphatase (EC 3.1.3.1) is a widely distributed enzyme consisting of several different isozymes that hydrolyze a variety of phosphates at alkaline pH. Although the physiological function of alkaline phosphatase has not been identified, the enzyme is located primarily on cell membranes of tissues where active transport processes occur, e.g., brush border of small intestinal epithelium, brush border of proximal tubules of kidney, and canalicular domain of hepatocyte plasma membrane (6).
Most histochemical methods for alkaline phosphatase produce highly colored non-fluorescent final reaction products which can be visualized by transmitted light microscopy, and there are few reports of fluorescence methods for alkaline phosphatase. The naphthol-AS phosphate series of alkaline phosphatase substrates produce fluorescent reaction products which are not adequately localized owing to diffusion (2). Recently, the fluorescence of azo dyes produced from naphthol-AS phosphates and diazonium salt methods for alkaline phosphatase has been reevaluated, and it was demonstrated that most azo dyes were non-fluorescent and that the formation of a satisfactory fluorescent reaction product could be obtained only with a specific combination of substituted naphthol-AS phosphate (naphthol-AS-MX phosphate) and diazo-' Supported by grants from the Scottish Home and Health Department and by the Grampian Health Board.
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duced green, blue, and red fluorescence, respectively. Sites of enzyme activity were accurately localized without evidence of diflfusion, and there was an absence of non-enzyme-catalyzed binding of any of the fluomchromes to tissue. This fluorescence method, which is particularly suited to investigating the localization and distribution of the activity of different enzymes in the same section, was used to investigate the distribution and co-localization of alkaline phosphatase and aminopeptidase M in human liver and jejunum.
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nium salt (fast red TR) (8, 14) . However, it has been previously suggested that the fluorescence of the azo dye may be due to a contaminant in the fast red TR (11), and background fluorescence may be a problem with fast red TR (3). This study describes the development of a new fluorescence method for alkaline phosphatase histochemistry. This method is based on a Gomori-type technique, in which visualization of insoluble calcium phosphate deposited at the sites of alkaline phosphatase activity is achieved with the use of calcium binding fluorochromes. Calcein blue, calcein, and xylenol orange were the different fluorochromes used in the study and they produced blue, green, or red fluorescent final reaction products, respectively. Fluorescence methods are ideally suited for co-localization studies, and this method was used to investigate the co-localization of alkaline phosphatase and aminopeptidase M (aminopeptidase N) in human liver and jejunal biopsy specimens. Tissue. Human liver and jejunal biopsy specimens submitted to the Department of Pathology, University of Aberdeen for diagnostic purposes were freeze-substituted for enzyme histochemistry as previously described (10). Liver and jejunal biopsy specimens were rapidly frozen in melting dichlorofluoromethane (LIP; Shipley, Yorkshire, UK) pre-cooled in liquid nitrogen. The frozen tissue blocks were then transferred into cold acetone and the tissue specimens were freeze-substituted for 24-48 hr at -30'C in a deep freeze. The freeze-substituted tissues were infiltrated under vacuum with glycol methacrylate resin monomer UB4) (Polysciences; Northampton, UK) containing 0.9% benzoyl peroxide (Polysciences) for several hours at -30'C. The resin-impregnated tissues were then transferred to pre-cooled embedding molds ('Gab Laboratories Equipment; Reading, UK), each mold containing 1.25 ml of resin, and the resin was chemically polymerized by the addition of 0.05 ml JB4 Solution B (Polysciences). The embedding molds were placed in a deep-freeze ( -30'C) and the resin was allowed to polymerize overnight. The polymerized blocks were brought to room temperature and sections were cut at a thickness of 2 wm on a heavy-duty microtome fitted with a glass knife. The sections were mounted on glass slides coated with poly-L-lysine (Sigma) and air-dried at room temperature before use.
Materials and Methods

Chemicals. alanine-4-methoxy P-naphthylamide, calcein (bis
Alkaline Phosphatase Histochemistry. The incubating medium for the demonstration of alkaline phosphatase consisted of 15 mM sodium P-glycerophosphate, 42 mM calcium nitrate in 0.05 M Tris-HCI buffer, pH 9.0, containing 10 mM magnesium chloride and 0.1-1 mM of calcein, calcein blue, or xylenol orange. Stock solutions (100 mM) of each fluorochrome were prepared with 0.05 M Tiis-HC1 buffer, p H 9.0. Sections were incubated for 30 min at 37'C. then washed in 0.05 M Xis-HC1 buffer, pH 9.0, and mounted in buffered glycerol (90% glycerol, 10% 0.05 M Tris-HCI buffer, pH 9.0). The slides were mounted in an alkaline medium to obtain maximal fluorescence from the different fluorochromes, particularly calcein.
Sections were examined with a Nikon Labophot microscope equipped for epifluorescence. The light source for fluorescence microscopy was a mercury lamp (HBO, 100 W) operated with a stabilized power supply. Sections incubated in the presence of calcein blue were examined with a 365-nm excitation filter, 400-nm dichroic mirror, and 435-nm barrier filter. The fluorescence of calcein was detected with a filter combination consisting of a 450-490-nm excitation filter, 510-nm dichroic mirror, and 520-nm barrier filter, and the fluorescence of xylenol orange was examined with a series of filters consisting ofa 510-560-nm excitation filter, 580-nm chchroic mirror, and S90-nm barrier filter.
Control experiments included the addition of levamisole (2 mM; Sigma) to the incubation medium and the omission of either the enzyme substrate, the fluorochrome, or both.
CO-localization of Aminopeptidase M and Alkaline Phosphatase. The incubation medium for aminopeptidase M consisted of 0.6 mglml L-alanine-4-methoxy P-naphthylamide, 0.7 mg/ml fast blue B in 0.05 M phosphate buffer, pH 7.0. The incubation medium was pre-heated to 37'C and filtered immediately before use. Sections were incubated for 30 min at 37'C, then washed in distilled water to remove the incubation medium. For colocalization of alkaline phosphatase, sections were then incubated for 30 min in the alkaline phosphatase incubation medium and sites of alkaline phosphatase demonstrated as described above.
Photography. Photomicrographs were recorded with black-and-white 35-mm film %ax 400 (ASA400. Kodak) and exposures were automatic d y controlled with a Microflex AFX-IIA (Nikon) automatic -sure control attachment. The f i l m speed was set at 400 ASA and the exposure adjustment was advanced by +2/3. The film was developed for 15 min with ID 11 developer diluted with an equal volume of water.
Results
Alhaline Phosphatase Histochemistry
The fluorescence method for alkaline phosphatase was developed and optimized on sections of liver. Alkaline phosphatase activity was readily detected in sections of liver that were incubated in the presence of calcein blue, calcein, or xylenol orange. The optimal concentration for the detection of sites of alkaline phosphatase activity of calcein blue was 0.5 mM, whereas the optimal concentration of both xylenol orange and calcein was 0.1 mM. Sections incubated in the presence of calcein blue showed intense blue fluorescence at the sites of enzyme activity, and sections incubated in the presence of calcein demonstrated bright green fluorescence at the sites of enzyme activity. Similarly, sites of enzyme activity on liver sections incubated in the presence of xylenol orange displayed intense orangdred fluorescence. Each fluorophore appeared stable, without significant fading, and the final reaction product of each fluorochrome was non-particulate (homogeneous). There was no apparent diffusion of any of the fluorescence final reaction products from the sites of enzyme activity, and background staining of the resin and tissue was absent. Specific non-enzymemediated staining of the tissue or resin by any of the fluorochromes was not identified. Hepatic alkaline phosphatase was completely inhibited in the presence of levamisole, and use of this inhibitor resulted in weak tissue autofluorescence only. The use of each fluorochrome revealed identical sites of enzyme activity within the liver. Alkaline phosphatase activity was identified in vascular endothelium lining both hepatic vessels and sinusoids (Figures 1 and 2) . A similar intensity of fluorescence was identified in endothelium lining branches of the hepatic artery, portal vein, and terminal hepatic veins. There was a zonal distribution of the sinusoidal activity of alkaline phosphatase, which was more prominent in sinusoids of Zone 1 and less in the sinusoids of Zone 3 of the liver acinus.
Activity of alkaline phosphatase was also idenufied in the plasma membrane of hepatocytes, and this activity was present at the canalicular pole of individual hepatocytes. There was no apparent zonal distribution of the canalicular activity of alkaline phosphatase.
Alkaline phosphatase activity was identified in the microvillous border of columnar absorptive epithelial cells of jejunal villi. Enzyme activity was not present in the crypts and in goblet cells. Activity of alkaline phosphatase was also identified in vascular endothelium of all types of vessels. However, activity of alkaline phosphatase in capillaries at the tip of villi was much less compared with larger vessels deeper in the small intestinal wall (not shown).
Co-localization of Alkaline Phosphatase ana' Aminopeptidase M
The activity of both aminopeptidase M and alkaline phosphatase could readily be detected in the same section of liver or jejunum. Aminopeptidase M activity was m d e s t as a red final reaction product which was readily identified by transmitted light microscopy. There was no apparent quenching of the fluorescence of any of the three alkaline phosphatase reaction products by the non-fluorescent azo dye final reaction product of aminopeptidase M. Both enzymes were localized to the canalicular domain of the hepatocytes. In addition, aminopeptidase M activity was identified in the brush border of bile duct epithelium.
In jejunum, aminopeptidase M activity was localized to the brush border of the columnar epithelial cells (Figures 3 and 4) . Double staining with alkaline phosphatase revealed differences in the precise distribution of alkaline phosphatase and aminopeptidase M in the jejunal epithelium. Aminopeptidase activity was present in the brush border of both crypts and villi. In contrast, alkaline phosphatase activity was present in only the brush border of villi.
Discussion
We have developed a new method for the fluorescent histochemical localization of alkaline phosphatase activity. The localization and distribution of alkaline phosphatase was studied in sections of freeze-substituted, glycol methacrylate-embedded human liver and jejunum, as we have previously demonstrated that freezesubstitution and law-temperature resin embedding ensures accurate enzyme localization, maintenance of enzyme activity. and good tissue morphology (10).
The principle of this new detection method for alkaline phosphatase is the fluorescence localization by calcium binding fluorochromes of insoluble calcium phosphate. which is the primary reaction product of a Gomori-type reaction for alkaline phosphatase. Sodium P-glycerophosphate is hydrolyzed by alkaline phosphatase, and the liberated phosphate ions combine with soluble calcium ions to form insoluble calcium phosphate, which is simultaneously detected with a calcium binding fluorochrome. This new fluorescence method appears to be at least as sensitive as other fluorescence methods for alkaline phosphatase (unpublished observations). This technique also has advantages compared with currently available fluorescent methods for alkaline phosphatase. There is no diffusion of the final enzyme reaction product (uncoupled naphthol phosphate method) nor is there any nonspecific or unwanted staining of the tissue or resin (azo dye technique).
Three different calcium binding fluorochromes were investigated to determine their usefulness as fluorochromes to detect calcium phosphate produced by alkaline phosphatase activity. The different fluorochromes were specifically selected because each fluorochrome produces a different color of fluorescence. Both calcein blue and xylenol orange are fluorochromes that have occasionally been used histochemically (1) to detect calcium salts in bone and cartilage, whereas calcein does not appear to have previously been used for histochemical applications. Calcein, a derivative of fluorescein (and despite its trivial name is not related to calcein blue), is used in biochemical reactions to detect several different divalent cations, including calcium and magnesium. The reaction between calcium and calcein is made specific by performing the reaction at an alkaline pH (pH 8-9) (12).
All the fluorochromes were visualized with standard fluorescence filter sets, i.e., calcein blue (W light), calcein (fluorescein), and xylenol orange (rhodamine) and each fluorochrome detected equally well sites of alkaline phosphatase activity. A red color could not be detected by transmitted light microscopy with xylenol orange as the fluorochrome, suggesting that the fluorescence detection of calcium by xylenol orange is more sensitive. None of the fluorochromes produced non-enzyme-catalyzed staining of tissue, indicating that with the reaction conditions used to detect alkaline phosphatase activity the fluorochromes failed to detect intracellular ionized calcium, although calcein and calcein blue are used to detect free ionized calcium in fluorometric assays and freezesubstituted and plastic-embedded tissue has been used for investigation of the localization and distribution of intracellular ions, including calcium (13). In addition, because the detection of alkaline phosphatase activity was a single-step procedure, soluble calcium and magnesium present in the incubating medium did not form insoluble complexes with any of the three fluorochromes that would be deposited on the tissue sections.
Aminopeptidase M is a hydrolytic enzyme involved in the metabolism of peptides (7) and has a similar distribution to that of alkaline phosphatase. Both aminopeptidase M and alkaline phosphatase are found predominantly in the microvillous border of absorptive and secretory epithelia, indicating that both enzymes are probably involved in secretory and absorptive functions. For a more precise understanding of the relationship between these enzymes it would be useful to be able to co-localize these enzymes in the same tissue section. Currently available methods for both enzymes do not allow co-localization experiments to be performed, since a variety of interactions can take place between the various components of each enzyme reaction. Although fluorescence methods have been described for both W i n e phosphatase and aminopeptidase M, the available methods for each enzyme are not satisfactory for studying the co-localization of these enzymes. The fluorescence method for aminopeptidase M uses 5-nitrosalicylaldehyde (4,5) as the capture agent to combine with hydrolyzed (free) 4-methoxy p-naphthylamine to produce an insoluble granular fmal reaction product that is poorly localized (4.9).
Fluorescence methods for alkaline phosphatase are based on the fluorescence of naphthol-AS phosphate or the fluorescence of a specific combination of naphthol and diazonium salt, i.e., naphthol-AS-MX phosphate and fast red TR diazonium salt. In co-localization experiments, the fluorescent naphthol methods for alkaline phosphatase are inappropriate because the diazonium salt used to localize alkaline phosphatase may interact with the 4-methoxy P-naphthylamine produced by aminopeptidase M activity, resulting in false aminopeptidase M localization. Moreover, the aminopeptidase M final reaction product may quench the fluorescence of the azo dye produced by alkaline phosphatase activity. Relying on the fluorescence of a hydrolyzed naphthol salt for the localization of alkaline phosphatase will similarly risk interaction with the aminopeptidase M final reaction product.
There is no apparent interference between this new fluorescence method for alkaline phosphatase and the azo dye technique for localizing aminopeptidase M activity, and therefore valid study of the localization of these enzymes can be made. The sequential application of these methods permitted the localization of both alkaline phosphatase activity and aminopeptidase M activity in the same tissue section.
In conclusion, a new fluorescence method for alkaline phosphatase histochemistry has been developed and this method is particularly suited to the investigation of the localization and distribution of the activity of different enzymes in the same tissue section. The use of different fluorochromes gives the method flexibility, allowing selection of the most appropriate fluorochrome for the particular application. It may also be possible to develop fluorescence methods for other enzymes based on the fluorescence detection of metal ions, which form a component of enzyme reaction products.
